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Abundant efforts are being devoted to the production of nanostructured composites based on ferrites
where the exchange-spring mechanism yields larger energy products. However, experimental results
occasionally contradict the predictions, and the origin of the phenomenology is not always
thoroughly understood. Magnetic properties may eventually evolve in trends similar to that of
exchange-spring magnets due to structural changes unrelated to exchange-coupling mechanisms at
hard/soft interfaces. Thus, the evaluation of the possible sources of magnetic improvement is pivotal
in determining and optimizing the extent of exchange-coupling in spring magnets. Here, we report
the observation of remanence improvement and single-phase reversal behavior at room-temperature
in CoFe2O4/FeCo composites, where the hard and soft phases are predominantly uncoupled. The
results are explained in terms of the temperature evolution of the individual properties of CoFe2O4.
Causes for the observation of single-phase magnetization reversal in exchange-uncoupled systems
are discussed. Our results indicate that these type of phenomena must be taken into account in order
to thoroughly understand the optimization required to improve the magnetic performance of
CoFe2O4-based composites.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902351]
The improvement of permanent magnets constitutes a
decades-long goal of the scientific community that has been
recently refueled by risks of shortcomings in the supply of
rare-earths.1,2 Several approaches to the issue have been
undertaken,3–5 out of which enhancement of the properties
of nanostructured ferrites through the use of the exchange-
spring effect has gathered large efforts.6–9 In this type of
magnets, exchange-coupling at the interface between
magnetically hard and soft particles leads to an increase in
saturation magnetization (Ms) and remanence (Mr) that over-
comes the loss of coercivity in yielding larger energy prod-
ucts.10 Unfortunately, owing to the fact that effective
exchange-spring is a quantum-mechanical effect that appears
at coherent atomic interfaces in particles below a certain
critical size, strict structural restrictions apply. In this frame-
work, the use of CoFe2O4 (CFO) nanoparticles provides the
opportunity of fabricating metal/ferrite hybrid compounds
while avoiding the use of dissimilar starting materials.11
Partial reduction of CFO leads to CFO/FeCo core-shell com-
posites where coherent interfaces are statistically more likely
than when interfaces between two different phases are engi-
neered. In the last years, research on this class of composites
has proliferated and successful exchange-coupling and mag-
netic improvements have been claimed.12–19 However, the
physical mechanisms behind the phenomenology and the
extent of effective exchange-coupling are not fully eluci-
dated.12,13,20 Given that CFO/FeCo composites have been
mainly studied on polycrystalline powder form, which are
complex systems that can accommodate broad particles size
distributions and different compositions and interfaces
within the same sample, it must be kept in mind that struc-
tural and compositional variations of the individual
uncoupled compounds may be responsible for phenomenol-
ogy that could mistakenly be interpreted as the fingerprint of
exchange-spring. In particular, CFO presents a relatively
complex structure containing tetrahedral and octahedral
positions. The cationic distribution and deviations from stoi-
chiometry have a crucial influence on its magnetic
properties.21
The aim of this work is to study the magnetic properties
of CFO/FeCo nanoparticulated powders and to address
effects that can give rise to Mr/Ms enhancement and single-
phase hysteresis curves in the absence of exchange-coupling
between hard and soft phases. To this end, pure CFO sam-
ples will be studied in a first step in order to later identify the
magnetic contribution of CFO in the hybrid composites.
Some of our conclusions may be extrapolated to all
exchange-spring systems.
CFO was synthesized following a sol-gel process using
Fe and Co nitrates. The nitrates were dissolved in 1:2 ratio in
deionized water. Citric acid was subsequently added to the
solution, which was then constantly stirred at 60 C for 1 h.
The gel formed was dried in a hot air oven for 24 h. The pre-
cursor obtained was calcined for 1 h at 400 C. The resulting
powder, hereafter named “as-calcined,” was subjected to two
different annealing procedures: (a) annealing in air at tem-
peratures between 500–900 C. (b) A reduction treatment,
which consisted on annealing for 1 h at 500 C under differ-
ent partial pressures of a 10% H2–90% N2 gas mixture. The
structural characterization has been done by x-ray diffraction
(XRD, D8 Advance, Bruker), scanning electron microscopy,
and energy dispersion spectroscopy (FE-SEM Hitachi
S-4700, equipped with an EDX analysis system).
Transmission electron microscopy TEM was performed
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using a JEOL 2100F transmission electron microscope
(TEM/HRTEM) operating at 200 kV and equipped with a
field emission electron gun providing a point resolution of
0.19 nm. The microscope was also coupled with an energy
dispersive X-ray spectrometry (EDXS) instrument (INCA
xsight, Oxford Instruments). Transmission M€ossbauer spec-
troscopy was performed at 298K using a 57Co(Rh) source
and a constant acceleration spectrometer. Isomer shifts
are referred to metallic iron. For the study of the magnetic
properties, we chose vibrating sample magnetometry
(GMW Magnet Systems, model 3474–140 Electromagnet,
LakeShore).
In order to evaluate the separate contribution of CFO to
the magnetic properties of the composites, the effect of the
thermal treatment in pure CFO samples is first studied. The
structural characterization confirms the formation of CFO af-
ter the calcination process at 400 C. Fig. 1(a) shows a series
of TEM images. Particles with an average diameter of 35 nm
are arranged in agglomerates—often larger than 1 lm. The
interfringe distance value of 4.909 A˚ corresponds to the
(111) planes of CFO. EDXS analysis reveals that the local
composition is not completely homogeneous and fluctuates
between individual particles, with Fe:Co ratios as high as
2.7:1 detected in the isolated particle labeled 2. An average
compositional analysis was performed on a larger region
labeled 1. An Fe:Co ratio of 1.9 was measured. Besides the
specific synthesis conditions, the relatively low calcination
temperature is a likely reason for the compositional variabili-
ty, given that temperatures above 900 C are reported to be
employed in sol-gel synthesized CFO.22 As expected,
increasing re-annealing at higher temperatures leads to larger
particle sizes and homogeneity. From TEM images (not
shown), we measure, at 500 C, 700 C, and 900 C, average
particle sizes of 68 nm, 80 nm, and 95 nm, respectively. The
larger Fe:Co ratio detected for 900 C is 2.3:1.
Magnetization curves were measured at room-
temperature (RT) for all annealing temperatures. Figure 1(b)
presents the evolution of the main magnetic parameters as a
function of temperature, the 400 C data corresponding to
the as-calcined sample. Focusing on the re-annealed materi-
als, the average Ms, Mr, and coercivity values are 74 emu/g,
27 emu/g, and Hc¼ 812Oe. As a function of the annealing
temperature, variations in Ms, Mr, and coercivity of 20%,
30%, and 64% are, respectively, observed.
Figure 2 presents the M€ossbauer spectra corresponding
to the samples re-annealed at 400, 700, and 900 C. At
400 C, the spectra are typical of a sample with a broad parti-
cle size distribution, ranging from dimensions below the
superparamagnetic limit that gives rise to the central doublet,
to highly crystalline larger particles that yield the modes
associated with CFO. The presence of superparamagnetic
particles with blocking temperatures (Tb) below RT explains
the low coercivity values found for the as-calcined sample.
At 500 C, a maximum in coercivity is observed. The further
decrease with temperature between 500–900 C can be
attributed to the increase in particle size observed by
TEM.23,24 Annealing at higher temperatures leads to larger
particles and narrower size distributions as the corresponding
M€ossbauer spectra confirm.
FIG. 1. (a.1–a.4) Series of HRTEM images at different magnifications corre-
sponding to the as-calcined (400 C) sample. EDS analysis was performed at
regions labeled as 1 and 2 on (a.2) and (a.3). Inset of the panel (a.4) shows
interplanar distances obtained from reconstructed images. (b) Saturation
magnetization (Ms, black), remanence (Mr, red) and coercive field (Hc, blue)
at RT of the calcined CFO powder as a function of annealing temperature.
FIG. 2. Room temperature M€ossbauer spectra recorded from the samples re-
annealed in air (bottom to top) at 400, 700, and 900 C.
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For 700 C and 900 C, well defined magnetic compo-
nents attributed to CFO are observed. The spectra are com-
posed by two sextets, one attributed to tetrahedrally
coordinated Fe3þ (d¼ 0.28 mms1, 2e¼0.03 mms1, and
H¼ 50.1 T) and other corresponding to octahedrally coordi-
nated Fe3þ (d¼ 0.36 mms1, 2e¼0.06 mms1, and
H¼ 52.8 T). However, the tetrahedral/octahedral ratio shows
some changes with the preparation temperature: 0.39 and
0.45 for 700 C and 900 C, respectively. Variations in the
cationic distribution are known to strongly influence the
magnetic characteristics of CFO,21 and are likely the cause
for the changes in remanence and saturation observed
between 700 and 900 C. Thus, the combination of TEM and
M€ossbauer suggests that temperature dependence of particle
size distribution, local composition, and cationic distribution
leads to relatively important variations in Mr, Ms, and coer-
civity. These effects have been previously reported in CFO,
and the macroscopic magnetic properties arise as a combina-
tion of all of them. However, in order to later understand the
phenomenology associated to the composites, it is important
to at least partially quantify their influence: From our data,
we calculate variations in Fe3þ tetrahedral/octahedral ratio
of 14% and variations in particle size of 33%, which—in
combination with the variations in local composition—yield
changes in remanence and coercivity of 30% and 64%,
respectively. Unfortunately, full quantitative analysis
remains elusive since it is extremely difficult to quantify the
variations in local composition and to isolate the effect on
the magnetism of each individual contribution-particle size,
composition, and cationic distribution.
To fabricate hybrid CFO/FeCo composites, the as-
calcined powders were reduced at 500 C, for 1 h, under
different H2 partial pressures ranging from 1 to 20 millibar.
Larger partial pressures correspond to a higher reducing
strength of the thermal treatment. Figure 3 shows the associ-
ated XRD patterns. For 1 millibar, two phases are observed:
CFO and CoO. The formation of CoO suggests that the
remaining CFO is off-stoichiometric and Co-deficient. No
metallic phase is detected up to the instrument resolution
(2%). At and above 5 millibar, the diffraction maximum
from FeCo becomes increasingly intense, indicating the pro-
gressive formation of the metallic alloy. Interestingly, two
FeCo phases can be identified by deconvoluting the afore-
mentioned peak: Fe65Co35 and Fe50Co50. From the evolution
of the deconvoluted area with the reducing strength, we can
infer that the reduction initially yields Fe50Co50 particles. As
it progresses towards a complete and homogeneous reduc-
tion, the Fe65Co35 phase, which corresponds to the stoichi-
ometry of the precursor CFO particles, proliferates. Thus,
the composition of both hard and soft phases varies as a
function of the partial pressure, indicating that the reduction
favors the coexistence of metallic and oxide species with
different Fe and Co contents. Furthermore, using Scherrer0s
formula, the crystallite sizes for the CFO phase have been
obtained for the different partial pressures. The crystallite
size values remain relatively constant ranging between
64–80 nm, in agreement with the particle size obtained for
the sample annealed at 500 C in air.
Magnetometry experiments were performed. The magnet-
ization curves at RT corresponding to the samples annealed at
500 C in air and under 1 and 10 millibar of H2/N2 are por-
trayed in Fig. 4(a). Taking the sample annealed in air as a ref-
erence, it is observed that after the reduction under 1 millibar,
Ms and Mr increase to 76 emu /g and 33 emu/g, respectively,
while coercivity decreases from 1311Oe to 997Oe, which
means a 32% increase in Mr and a 24% decay in Hc.
Even though such Mr and Ms enhancement is typical of
exchange-spring systems, the structural characterization con-
firmed the absence of a metallic soft phase in the 1-millibar
sample. In fact, CoO forms under such conditions yielding a
Co-deficient CFO. In addition, and considering all samples
under study, the existence of two FeCo phases after partial
reduction hints at local variations in composition on the
remaining unreduced CFO particles. In fact, EDXS analysis
on the 1-millibar sample revealed the presence of particles
with Fe:Co ratios of 3:1, indicating large compositional fluc-
tuations. M€ossbauer spectra were recorded for the sample
annealed at 500 C in 10 millibar of H2N2 (not shown),
unfortunately, the prominent formation of metallic phase
prevents an accurate determination of the Fe3þ tetrahedral/
octahedral ratio. In any case, it has been reported that in
CFO, reducing the Co content affects Mr, and we have
confirmed experimentally that variations of the order of 14%
in the tetrahedral/octahedral ratio may easily lead to 30%
enhancements in Mr.
21 We stress that these mechanisms are
at the origin of the magnetization improvement observed for
the 1 millibar sample. For 10 millibar, the formation of
metallic soft phase explains the large decrease in Hc.
From the Ms of the reference compounds (CFO and
FeCo), an estimation of the hard:soft phase ratio can be
obtained. The samples partially reduced at 5 and 10 millibar
correspond to the compositions 95%CFO-5%FeCo and
53%CFO-47%FeCo, respectively. They show a further
increase in Ms reaching 144 emu/g, as is expected taking into
account the substantial formation of soft FeCo. The coercive
field diminishes to 263Oe and Mr decays to 23 emu/g for
FIG. 3. XRD patterns from the powders annealed under 4 different H2/N2
partial pressures. Right panel shows detail of the FeCo maxima
deconvolution.
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10 millibar. The decrease in Mr and the collapse of coerciv-
ity for these two composites with respect to the reference
CFO suggest that the hard CFO and soft FeCo particles
are not effectively exchange-coupled. Nevertheless, the hys-
teresis loop at RT appears to correspond to a single magnetic
phase, with irreversible magnetization reversal taking
place at the same nucleation field for both the hard and soft
phases.
To understand this behavior, magnetization curves at
low temperature were measured. Fig. 4(b) shows the hystere-
sis loops at 5K and RT from the 5-millibar sample, where
soft and hard particles coexist. Single-phase behavior is
observed at RT, while a two-step reversal appears at 5K.
Identical behavior was observed in the 1 and 10 millibar
samples. Given the complexity and heterogeneity of the sys-
tem, it is likely that the distribution of reversal fields of hard
and soft species is broad. Taking into account that the anisot-
ropy field of CFO strongly decreases with T, the average
reversal fields may be similar at RT and only discernable at
low T. It must be kept in mind that an exchange-coupled sys-
tem with a soft phase particle size close to the critical size10
could show an equivalent reversal behavior at 5K and RT.
Nevertheless, the decrease of remanence at RT for all sam-
ples containing FeCo phases allows us to confirm the uncou-
pling and discard this hypothesis.
In addition, the presence of an uncoupled soft phase
with Curie temperature below RT is plausible. Given the
coexistence of various Fe-Co oxide and metallic species, a
fraction of particles may possess a small enough magnetic
volume and the appropriate composition. In that case, at RT,
the reversal would occur as a single rotation. However, it is
worth noting that this effect alone does not explain the
observations, as the increase in Ms at RT indicates. In any
case, in a system with broad size distributions, we cannot
discard the fact that a fraction of particles might be effec-
tively exchange-coupled while others are not. What our
results suggest is that the population of uncoupled particles
dominates.
In summary, phenomenology associated with exchange-
spring magnets has been observed in CFO/FeCo composites:
increase of Mr and Ms; decrease of coercivity; single-phase
hysteresis loop at RT. However, exchange-uncoupling
between the hard ferrite and the soft metal has been demon-
strated to be predominant. The Mr enhancement is explained
in light of the structural and compositional variations
induced by the thermal treatments of the CFO particles.
Temperature dependence of magnetic parameters may yield
single-phase hysteresis loops at RT in uncoupled systems;
hence, magnetization curves at low temperature constitute an
essential test to establish effective exchange-coupling. We
caution that extremely careful and systematic work must be
undertaken in order to quantify and optimize the extent of
exchange-coupling and energy-product gain that CFO-based
composites may provide.
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